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Abstract:

The Microrover Flight Experiment (M fl{X) is a NASA Office of Space Access and Technology flight

experiment of mobile vehicle technologies, \vllose primary mission is to determine rnicrorover performance

in the poorly understood planetary terrain of Mars. On JUIY 4, 1997, the rnicrorover landed on Mars and

began its mission, after deployment from the Mars Pathfinder (MPF) lander. At this writing the microrover

has been operating on the surface of Mars for the past 50 SOIS ( I sol = I Martian day) completing both its

nominal and extended mission objectives. I’he microrover continues in its mission to conduct a series of

technology experiments such as determining }vheel-soil interactions, navigating, traversing and avoiding

hazards, and gathering data which characterizes the engineering capability of the vehicle (thermal control,

power generation performance, communication, etc.). In addition, the microrover carries an alpha proton x-

ray spectrometer (APXS) which when deployed on rocks and soil determines element composition. lastly,

to enhance the engineering data return of the MPI; mission, the microrover images the lander to assist in

status/danlage  assessment.

Introduction:

[;ach  of the following sections of this paper describe, by subsystm, the design, implementation and
capabilities of(he MF’l{X (named ‘Sojourner”) rover.

Mobi l i ty :

l’he MF’E;X rover is an 10.5kg,  6-wheeled vehicle of a rocker bogey design derived from the ‘Rocky’

series of vehicles developed at JPI,.  Each tvheel of the rover is 13cm in diameter by 6cn~ \vide. The 4 front

and rear wheels are independently steered, providing the capability to turn in place (the rover has a 74cn1

turtling d i a m e t e r - j .  .

1 he rocker-bogey suspension system allows the vehicle to traverse obstacles more than a whee!  diameter in
sire. 1 he stainless steel cleats on each aluminum ~vhcel provide the traction necessary to scramble over

rocks. The surface pressure of approximately 0.23psi (on Mars) allows the vehicle to cross soft, sandy

surfaces.

E;ach \vheel  is independently actuated by a Maxon RI1O 16 motor. which at a 2000: I gearin: ratio, has been

shown to require I 16nl A@ 15.5V  to produce 9in-lb of torque at -SOdegC.  As a consequence, assuming a

distribution across the 6 wheels  of 2 \vtlecls each producing 9in-lb, 2 \vheels  each producing 4.5in-lb, and

the remaining 2 tvheels  operating at no load, less than 8.5W is rcquirwl to drive the vehicle at -80degC.

As a measure  of comparison, at the nominally warmest tcmpcraturc on a given SOI  at Mars of OdegC, less

than 2W is required [o drive the rover-. Also, adequate margin is present in the motors and gearing so that,

in a step climbing exercise, a single ~vheei can lift tbc  weight of the rover on Mars.  Stall torque for these

motors at -80deg( is I I Oin-lb,  more than a factor ot’ 10 above the torque (of 9in-lb) required at a wheel to
drive the vchiclc,



At -80(EcgC and no load conditions, the geared motors produce apprwsimatc!ly  0.9RPM, resulting in a

vchiclc which has a top speed of 0.4nl/nlin at that ternpcraturc. At higher temperatures and siruilar no load

conditions, :rcatcr speeds are possible. [Jurin: steering, the top speed is 7dcglsw.

The  rover is 65cnl in Icngth.  48cn]  ~vide and 30cnl tall in its deployed con!ig,uration (neglecting the height

of the Uf If antenna), ‘[’he rover is stowed on a lander petal for launch and durin: the croise-to-Mars  phmc

of the MPF mission. In this stowed configuration, the rover hcigbt is reduced to 19cn].  in this

configuration, the rover has been tested and sho~vn to withstand static  loads of 66:, consistent (with

margin) with the less than 40g expected at impact upon landing on Mars. At deployment, the lander fires

cable cutting pyres, releasing tiedo~vns  ~vhich restrain the rover to the sto}ved  configuration. LJnder

command, the rover drives its wheels, locking the bogeys  and deploying the antenna so that the deployed

configuration is achieved,

In the deployed configuration, the rover has grounci  clearance of I fcm. I’he distribution of mass on the

vehicle has been arranged so that the center  of mass is nearly at the center of the body (the Warm

Electronics Box (WEB))  and at a height at the base of the W[;[l. As a consequence, the vehicle could

withstand a tilt of45deg in any direction without over-turning, although fault protection limits prevent the

vehicle from exceeding tilts of 35deg  during traverses.

Figure I : Mars Pathfinder Micmrover Flight [;xperirnent  (MI:E;X)
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MF’[lX is potvered  by a 0.2sqn]  solar panel  comprised of 1.3 strings of IS, GaAs  cells each of size ?cm  by

-!cm.  At mid-sol at the 19,5deg  north Iattitudc landing site  for Mf’f:, this solar panel, untilted produces

nearly  15W peak power (see I;igurt 2). “[ he solar panel  is backed by 9 l.iSOCI. > [J-cell sized  primary

bnttcrics,  providing up to 300W-hr [lt’energy. [hiring tht day, on-  b~mrd computer control determines if

sufticimt solar panci  poivcr is avail:thlc to perform a given conlmandcd action (e. g., driving, in]aging, etc.).

Only it’the activity can be adcquatcty  supplied solar power will [hc func[ion be initiated. }Iow’wcr,



particularly while moving. shadows or tilt ofthc vehicle can rcxlucc  solar panel  production. Consequently,

the batteries arc enabled during driving and at otbcr times during the day.  providing potvcr to complctc

activities when  solar panel  power is not sutticicnl. As a result, tllc combirwd panel/battery system  allow+

the rover power users to draw up to SOW of peak power (mid-sol).

Figure 2: Solar f%rncl Pcrtormance ancl Ilcctronics l’rotection for the Cf’U

MICROROVER AT 146 LON, 20 N LAT. 0.5 TAU, O TILT
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: daily requirements for individual rover

functions are given in Table 1. The average panel daily energy  production is 104 W-hr.

Power regulation is provided by a set of converters and regulators receiving po~ver from the unr-egulated

power bus supplied by the combination of solar panel  and batte~ pow’er.  Certain power users (motors,

heaters) require no regulation. ‘1’hese users arc supplied via a current limiter which nlinimizcs energy  loss

and ensures at least 13.5V  of po~ver suppliecl  by the solar panel (with 14V  as the nominal peak potver

point). When it can be anticipated that these users require po~ver beyond that suppliecl  by the solar panel

(for example during motor startup transients), a special ‘h} pass s~vitch’  is enabled supply in: battery energy

directly to these users. Other users arc supplied from re~ulators  or converters. enabled uncler computer

control.

The computer (CPLJ and memory) are a special case for potvcr regulation since  transient poiver supply

anomalies czn occur at early  mornirrg and bite afternoon conditions. A 5V convtrtcr regulates po\ver

supplied to the computer. In early morning. as the solar  panel  begins to produce pow’cr-. a power monitor

circuit holds [he CPU  in reset until adequate energy  is availahlc (i.e., the 5V converter is in regulation) to

sLIpply power for computation functions. In Iatc aftcrnmln, w hcn solar energy  is an[icip:l[cd to drop below



computing requirements, the computer places itself in idle mode, In this mode,  the computer awaits the
5V converter to drop out o~rcgulati<m,  cffcctivcly shutting doivn  tbc (’1’(~.

‘[’able I: Mf’1.X f)owcr  [{quiremcn[~

I

I

llnergy Required [’unction ‘1 irne and

Calculation

7.5 I W-hr motor heating: I motor at a time =-7.51W’X Ihr
5.63  W-hr motor heating: 2 motors at a time = 1 1.26W x 0,5hr

6.92W-tw driving (extreme terrain @ -80degC) T 15.85W x 0,5hr

1.83W-hr ham-d detection =  7.33W x 0.25hr

0.45W-hr imaging (3 images @ 2 nlin/irnage) =  4,5W x O.lhr
I,zw-hr image compression (compress 3 images  @ 6 =  3.7W x 0.3hr

nlirl/inlage)

5.2W-hr 6Mbit communication @ 50n]in/sol = 6.27N[ x 0.8hr

0.63W-hr 42, 10 sec health checks  during day =  6,~7w N ()]hr

15. OW-hr remainder of 7 hr daytime Cf’LJ operation = 3,7W x 4hr

50W-h~ WEB heating (as needed) z 50W-hr

95W-hr —

Additional protection for the computer is provided by the ‘load shed’ circuit. I’his circuit senses voltage

dropping below 5.75V. 10 this case (no battery backup provided and loads exceed  capabilities of the soiar
panel) the ‘load shed’ circuit disables converters ancl regulators other than the 5V converter supplying the

CPU, effectively shedding users from the po~ver system. An interrupt is also set as a flag for the CPU. in

servicing the interrupt, the computer determines which load caused the ‘load shed’ event and generates a

report for ground operator analysis.

Finally, power for night-time operations is supplied by the batteries. An alarm clock can be set by the
compoter which places pow’er from the batteries on the main pow’er bos at a con)mancled  or schedu]ed  time.
Power on the bus removes the reset condition on the CPU  (subject to the power monitor) and allow’s the
computer to perform a r~ight-time  activity. “1’bc computer can ‘go back to sleep’ by removing po~ver from

the batteries to the power bus.

Thermal Control:

C)n Mars, Mf-’llx components not designed to survive ambient temperatures (- I 10degC  during a Martian
night) are contained in the Warnl [;lectrorlics  [30x (W[[l). ‘1’be Wkl[l is constructed using solid silica

aerogel  as insulation, lining an epoxy sheet and spar box. l’he insulation is of density approximately
~Onlg/cc  \\,itll additional 20r]lg/cc aero~el  crushed into a Nomex honeycomb top of the w~~]. l’tlis tOp

also serves as the substrate for the M[;I;X solar panel. A high ernissivity  gold coating serves as the

exterior of the W1;B.  “I he W[l[l is heattxi  each sol 1* ith a combination of 3 Radioactive t [eating LJnits
(RI ILJs), electronics \vastc  heat and resistor arr:iy heat under computer control. “[ hermal capacity and RIILJ

heat, distributed to components through thermal strapping, keeps  the W[l[l above  the n]ir~in~urn operating

temperature of -40degC through the eight. “[’he average thermal loss is required not to exceed 2 W’ (50  W-

hr per sol) beyond the R}ILJ supplied heat.

As a consequence of the testing conducted during the qualitlcation program for the rover, no resistor array

heating is planned during the mission : the electronic waste heat and f<} ILJs suffrce  to provide the

performance shown in l’igurc .3. ‘1’hc pert’ormancc  of only one component, the radio modern, has been

demonstrated as affcctcd by temperatures within the nominal tcrnpcratorc range (--lodcg(” to - -! Odcg(’ )
within the W [;[1. During testing, modem  pcrlormancc (as dc[crnlincd by bit error rate) degraded N hcn the

unit temperature droppccl  below -25dcg[’. A 78011111  (2.5W’  at I-IV) heater is cor]llgurcd with the modem



and operated under conlput~’r  control to raiw the lc’nlpcraturc’  of the nlodc’m  :Ibtlvc  - I 5dcgC  to ensure’

pcrtbnnancc.

Outside ofthu Wl;[l no acliw thermal control is planned during the mission. I [o\vcvcr,  motor performance

(as dctcrmincd  by torque  output tor  power input) improves as the tcmpcraturc of the motor increases, No

motor is operated below -80cEcgC and operation above  -6tMegC is cxpcctcd  claring  the 6 hours pcr sol when

sufficient potver  from the solar panel  alone  is available to move  the rover (panel production above 10W). A

1570hnl  (1 .2W at 14V)  heater is supplied ~vith each actuator (e.g., wheel, steering motor and APXS

deployment device) to allow heating which ensures motor performance outside of the expected daily driving
period or during periods of off-nominal environment conditions.

‘1’ernperature  is monitored through 13 temperature sensors distribute both inside and outside the WEEI  on

the rover. T’hese arc shown in Table 2.

I’able 2: MF~X temperature sensor locations

Total I locat ion

3 One on each of the three battery cases

I Modem

1 Power electronics board

I CPLJ and 1/0 electronics board

1 WEE3 wall

~ One on each of the front wheels
3 One on each of the three cameras

1 Solar panel

I)ur-ing  the cruise phase of the mission, MF[;X is planned to Ex po~vered only twice, once shortly after
launch and once a few days before  entry at Mars, zind for only a few  minutes in each instance. The primary
thermal control function during cruise is rejection of heat output by the R} [Us  inside the W’li El. l’his is

accomplished by the use of a thermal strap that connects the RI ILJs to a fixture at the bottom of the WPE3.

This fixture is in turn in contact with a thermal strap connected to the coolant loop provided at each petal

of the lander. I’his coolant loop provides thermal control for the lander as a w’hole  thrc)ughout  the cruise

phase of the mission. I’he connection between the fixture at the bottom of the WEB and the thermal strap

at the lander petal is broken }vhen MF[lX achieves its deployed configuration. After ]arrding  on Mars and

prior to breaking this connection, the thermal strap acts zis a heat leak from the WI~B.  “[’o prevent damage

to components internal to the W’I; E], this strap is heated by the lander until the deployecl  configuration of

M1; IIX is achieved,

Control and Navigation:

[n performing its mission, MI’[X must traverse to locations commanded as parl ofa once pcr  sol sequence

ofcomrnands from ground control. In order to accomplish a travel-w  the rover must determine:
\vhere  to go: its goal  Iociition basecl on ~vhcrc it is,

drive to the location,

avoid hazards in route,  and

decide along the ~vay if it is making timely pro:rcss to the goal  location

For  this last item, time is determined to a sufticicnt rew~lution  to allow (with margin) ttle lander camera to

image  the rover in ttte tcrtain. ‘I his image  bccomcs  the planning image for the next  sol of rover operation.

I’his  image  must be captared in time  to ensure that it call be ctJt]ll]lLlr~ic~itccl back  to [laI-[h on the same sol

as when  it is krlwn.  “1 his process alloivs the daily c(~nlt]~and scqucnct to be developed and transmitted in
time  for execution on the follt~i$ in: sol.



MI’[; X performs traverses bawd on g{, (c, \v:lYP(lifl[,  ~<,lllll);llld~  ill its daily command scqucn  cc’, A

‘:(I tO Lvavpoinl’  COIDIIlaIICl  conta ins  as its ~oal  an. ‘x.y ’ coordinate in a Iandcr  bawd coordinate system.

[n exc;oting this command, MI’l X must regularly and :I(ltt)rlorllclllsly  LIpdatc  its  position rclatiw to [hc

Iarrdcr to determine (at a nlinirnum) if it has rcacbcd  the goal of it~ traverw. “I his update  is accornplisbcd

through the proccssin: 01a combination of sensor mcasurcnlcnt~  ta~cn  during the traverse. [)urin: the

traverse, the vcbicte odometer is updated  using  the encoder counts collcctcd on each of the ~vhecl actuators.

A single  cncocier  count is registered each time the motor shalt of the actuator completes a revolution.

Given the gear  ratio in the actuator, 2000 counts are registered  cm a single wheel  revolution. The  counts

accumulated on each of the six wheels are averaged to deternlinc a change  in the odometer. This averaged

value (or change in the odometer) is used to update the estimated vehicle position in the lancler  coordinate

system. This update occurs while the vehicle is stopped, about once  each wheel  radius (6.5cn~)  of distance

traversed,

Another part of a traverse occurs as the rover turns “[’he command to ‘turn’ has parameters either a heading

relative to a reference vector in the lander coordinate system or an angle  relative to the current rover

heading. From the current heading, a new heading is derived based on the commanded parameter. To

achieve this heading, the four outside wheels are cocked to the ‘steer-in-place’ orientation. This is

accomplished by driving the steering actuators to the appropriate position as measured by the

potentiometers on each steering actuator. The vehicle is then driven until the commanded heading is
achieved as measured from a rate gyro. I’his rate gyro is mounted to align its sensitive axis along the

nominal vertical, allowing such a heading measurement to be made. Once the commanded heading is

achieved, the integrated angular measurement from the gyro is used to update the vehicle heading reference.

Although ‘go_ to_ waypoint’ and ‘turn’ commands are generated by an operator to direct M I-’I1X along a

safe path to a goal location, obstacles along the lander camera line-of-sight and increased uncertainty as a
function of distance from the lander can result in hazards for the vehicle unseen by an operator. As a

consequence, MFEX is designed to autonomously find a safe path for trairerse  to the goal location. An on-
board hazard detection function provides a means for evaluating for- safe traverse the terrain in front of the
vehicle. A pair of cameras and an array of 5 laser light stripers provides the sensor for this hazard  detection
function. When a laser is powered, a nominally vertical plane of light is cast illuminating a part of the
regior~ in front oft}le vehicle, ~’he can]eras,  lvith optics tuned to the wavelength of the lasers, image  the

illuminated terrain. Selected horizontal lines of the image  are read anti processed. [displacement from a

straight line cutting across these horizontal lines inciicates  the presence of an obstacle in the path. I;ach
iaser  is po~vered in turn and the images in each camera processe[i. “i’he rmuits are correlated to cieveiop  a

sparse map of obstacle distances and heights in front of the vehicle. ‘i’he map is then a$sessed against the

folloivin: criteria for assessing vehicle traverse :

}vere sc’an line intersections missing indicatin: a possible hole or ciift’!

are the differences betiveen  lowest and highest height values above a threshold (not greater than a
35dcg  slope) indicating excessive slope?

are the differences between t~vo ac~accnt height values above  a threshold (not greater than an wbeei

diameter) indicating a step-type bazm-ci?

lfany criteria fail, a hamrd is declared

if a hayard  is detecte(i,  M[’[X au[onomoosly notes the position of the hwar-d  and turns to avoi(i it. ‘i he

hazard  detection is repeateci. Once a clear  traverse  is possible, the rover cirives  forward updatin: its position

estimate until the hazard  is past the midpoint oftbc vehicle (i. e., as cictcrmincd from the current estimated
rover heading and position cornparcd  to [he rccor-dcci position of the ha/ard). Once the ha/’~rd  is past.

Mi-’[iX tu rns  to~vard  the d e s t i n a t i o n  o f  t h e  o r i g i n a l.:() ((1 Iv[l}pl)irlt’ con]mand  and proceeds in its attempt

to reach the goal  of the traverse.

A~iditional tests arc conducted as par[ of dw haiard dctcc[it~n  function. (h]-board accclcromctcrs  (one

aligned to each axis  oftbc vehicle) scrvt!  as a set of inclint)nlcters,  measuring the angle  to the local gr,lvity

vector.  An angle  n~txriurcn~cnt  bcyon(i  a threshold (ni~t grcatc[ than a 35dcg  slope) represents an excessive



——

sl[)pc  condition, ‘1 be reaction o! the rover is to turn away t’rom (IIC ha/.ard,  traverse beyond then turn bath
to the destination.

‘1 hc hazard  detection function is conducted once every w hwl radius  in lcngtb oftrzrvt!rsc  or before any turn

l’oivcr n]anagcrncnt  concerns dictate that cameras and lasers cannot bc UWI while the vchiclc is moving.

IIencc, the rover exhibits a ‘start-stop’ behavior during travcrws, with the vehicle moving a wbccl radius

then stopping to perform hazard  detection/avoidzmce  func(ions and update its position and heaciing

estimates. Tile distance traveied between hazard  detection/avoidance activities is a programmable

parameter, which can be set by the operator. Depencling  on the assessment of the terrain at tile consoic, the

operator can change tile distance parameter, ieng,tiwnin: the ciistancc  if the terrain is obstacie-frw.

Vehicie motion control is accompiisheci  through the orl/olT sivitching of the drive or steering motors.

Motors are switched-on in pairs to minimize the size of the pow’er-on  transients. When turning, the center

tivo wheeis  are moduiated at a 50% duty cycie to prevent ii fting of the front wheels and skiddin: in sharp

curved turns when driving on a non-siip or high-siip surface. [;acb motor is individually protected from

overheating and short circuits by the computer monitoring ofcur[-ent.

Computing Electronics:

MFE;X  computer controi is implemented by an integrated set of computing and pow’er  distribution

electronics. ~’hc computer is an 80C85  \viti] a 2Mhz ciock rated at 100Kips ~vbich uses, in a 16Kbyte  page
s~vapping fashiorl  the memory provided in 4 diffmtnt chip types  (’1’able ~).

1 able 3 : M[’I.X memory

Size ~’ype F’unction

(Kbytes)

16 P R O M ,  }iarris 66i7

3

[\oot code and ‘ Rover-lite’ backup code

64 R A M ,  lt3M 2568 Main rnen~ory

i 7 6 5, SI;[;Q 28C256 Programs, patches and nonvolatile (iata storage

32 Kbyte cilips

~1~ Micron M“I’i O08 RAM l’erni~ora~ data storage

At boot LIp or upon reset the computer begins  execution from the raci hard f’ROM. l’he programming

stored  in PRC)M loads programs into the rad hard RAM from non-volatile RAM. Program execution

proceeds from the RAM: As commands are executed, oti]er programming in non-voiatiie RAM is required

and then s~vapped into the RAM for execution. I’o prevent excessive thrashing, some programs are

executed from non-voiatiie RAM.

Programs are grouped into contexts, eswntiaiiy by supportcci  con]manci  type.  Programs are s~vapped into

RAM b) contexts. I’he contexts arc shown in I’abie 4 bciolr:

Context Commands
.

Gerwrai main ioop, Af)XS, MAl~, set parameter. patch

Navigation Goto \vaypoint, tinci rock, unstolv, move.

a

—
turn. hcaitb check,  soii cxpcrirncnts

Ima:ing capturd  image —

“1 hc rcrnaindcr ot’[he ciwtronics suppc)rts switching, power condili<ming, and I ‘() channcis.  “1’bc 1/0

support is surnrnaried  in “i’abic 5 btiow:



‘1’able 5 : MI’IUX  l/(J [~lcctronics

Conlponcnt
—

# (’omnlcnt
—

motor drives 11 1’1;”[’ s~vitcbing

optical cnwdcrs 6 onc for  each whwl motor

potcntiomctcrs (1 Ii f<cs) 3 12 bit diffmmtial n~easurcnlent  tor bogeys and di!krcmtial

potentiometers (l,oRes) 5 8bit measurement for steering actuators and APXS deployment

nlccbanism

[,1;[) contact sensing 4 APXS deployment n~echanism

temperature sensors 13 —
current sensors ~~ includes I I actuator measurements

voltage sensors ~~ includes analog rncasurcments  fron~th eCC[)s,gyroand

accelerometers
1 1

serial ports 3 APXS, modem and GSI1 debug access
1

digital input bits 16 QCMS

interrupting digital bits

a

—
14 includes contact sensor interrupts

digital output bits 65 all component po~ver s}vitches

logic stvitches 31

relays 3 APXS night mode and battery strings

At boot up or upon reset:
. I’he conditions \vhich caused the reset to occur are determined based on the current state of selected

memory locations and power conditions. Adequate pow’er  is either made available through battery
engagement or is determined available from the solar panel.

. Program loading into rad harxi RAM continues ftrorn the non-volatile RAM, incloding any commanded
program patches.

. 1/0 device hardware, watchdog timer and soft~varc error state counters arc initialized.

. I’be rover clock is reset  based on a successful communication w’itb  the lander requesting the current
mission time.

. ‘[’he current mission state is determined from the state of bardw’are  flags  anti/or a determination of the
gravity vector from the accelerometers

. A health check is performed to certify the state  ofthc 1/0 and power system. LJpon success oftbe health
check the basic control loop of the rover softivarc system can be performed.

‘[’he main rover control loop executes until sbutdowm,  l;xecution of this loop occurs at the rate of about
once every 2 seconds (non; inatly, the lvatchdog timer cycle). Within this loop:
. Poiver  and thermal management is performed. ‘l”his includes: a determination if Wt~B  heating should

●

✎

✎

.

.

.

be performed, \vhat  po~ve;  is availa~le from the array, and an update of the battery use monitor - an
estimate of energy available from the battery.
lfa load shed has occurred an extensive health  cbcck  is performed to dctcrrnine the device(s) \vhich
caused this condition.
[f no commands arc qUfNed  for execution, the landct is checked for command loads.
If command sequences are queued for execution and if no pending command loads are available on the
lander. the next command is r-died for execution. Pricrr to execution. error state conditions, timeout
conditions and po~ver availability are checked and pararnctcr>  set to control the conmmnd execution.
‘[’his  setup includes identifying the tc[t!rne[ry collected during the execution.
Oncc  a command is executed  SUCCeSSfUlly, tbt  telemetry is pacbgcd and sent to the lander. Ifan error
occurs  during the command an error report is prepared as telcrnctry and this report is sent to the lander
W’ith  no command available for c~ecution, the lander’ is periodically interrogated for ncw con]mand
loads. In this control loop [he timer (nominally 10n~in) tor this interrogation is updated.
[fit is time for shutdown, the shutdol~  n process is c\ccutcd.

ShUtdC)\\ n occurs  as the cm~scqucnce  ~}t a [irncout  or a reducli~~n  in solar panel  po~~ cr o~ltput  bcloiv the

threshold Icvcl  required for opcratitm. l)ri~lr- lo sbutdolf n. the next ivakcup time is set on the alarrt)  clock.
shutdown  is acconlplisbcd \vith the rerno~al  ot’ batter> bachup  power to the Illain Cicc[rical  bus. [f the



rover is operating under ballcry po~ver. this switch opcnin: cauw~  csccution tLI ccaw inimcdialcly. I t [hc
rover is operating under  solar power, shutcloivn  will occur when solar powr above  a sutlicitnt threshold
ceases to be avail:lblc. In the meantime, the computer is placed in an idle loop in which the ~vatchdog

timer is serviced.

All rover functions result  from the execution ofcornmands. All commands twult in the gcnct-ation  of

telcrnetry. In general, data collccttd as telcrnctry by the rover supports science. technology and mission

experiments. On average approximately 6Mbit oftelemctry is expected to be generated  each sol; about

0.5Mbit constitutes engineering meawrements, the remainder of the telemetry is comprised of images  from

the rover cameras. I’he available data rate of 14.4Mbit is based on continuous 2 hour transmission between

the rover and lander, where the effective data transmission r-ate is 2Kbps.

Telecommunications:

Command and telemetry is provided by radio moderns on the rover and lander. 1 his radio link utilizes a
commercial modem operating at approximately 459.7M1 [z. It provides a 500n~ clear-field range,  delivers
100nlW radiated pokver. Communication rates with these devices are at 9600baud with effectively 2Kbps
net data rate considering protocol overhead. When deployed, 30cnl high \vhip antennas on the rover and the
lander permit line-of-sight broadcasting. In tests on earth,  a bit ert-or rate for the modems has been
measured to be 10IZ-5 within the nominal operating range of the rover. An RG 178 coax (0.085in
d i a m e t e r ,  14gran~s,  1.2dBloss) isrouted approxirllatcly 1.5n~fron ltheWI; Btothebas eoftheroverU}IF
antenna assembly, andupthe antenna assembly ’snlast. I’he assembly issizedto put the base of the
deployed antenna approximately (one wavelength) above the Martian surface “1 he lander-mounted UI IF

antenna assembly isattacbed to the lander low-gain an[enrla(l,GA). Acoax(’’S’fORkl  421-01  O,’’ 21inin
diameter, 65 g,ran~/n~eter, 0.25 d[l loss/rncter) cable is rooted approximately 2n~ to the base of the LJIIF
antenna assenlbl yfrornthemoclem intbc Ianderthcrmal enclosure. “Ihisantenrra is mounted ina2.5cn~
standoff configuration from the lfGA and is attached 30cnl bclolv the antenna’  sracliatinge  ler~lerlt.

T`herover istllelirlk cor~lnlarlder  of thehalf-dLlplex, lJ1l Fsysterl~.  [Juringth eday,th er’overregu!ar]y

requests transmission of any commands sent from Ilarth and stored on the lander. W%en commands are not
available, the rover transmits any telemetry collected during the last interval bctiveen  communication

sessions. l'heteler~let~ recei\'ed bythelancler fror]~the rover isstored ar~dfonvarded tothe I;atih in the

samemannerasany lander telemetry. In addition, this communication system isusedto providea
‘heartbeat’ signal during vehicle drivirlg. ~’hilestoppecl tt~crover  scr]dsa sigt~altothc lander. Once

acknowledged by the lander, the rover proceeds to the next stopping point along its traverse.

Operations:

Communication between the lander and Earth  is provided twice each sol for nominally tw’o hours during

each period. l’he command and telemet~ functions of the rover arc designed to work ~vithin  these

con]munication constraints. Commands are generally clcsigned  at a ‘high-level’ (for example,
.go to \vaYPoin  t’) and are collected into a scqlrence  for execution b> the rover. l“he sequence is sufficient

to carry out the mission functions ofthc roveron thcg, iven  sol of issuance. Telcrnetr> is collected during

theexecution of these con]mand sand istransmitted to the lander. “[he  l:~r]dcr s[clres tl]iscit~taar~d  for~vards

the in format ionto [;art}l dl!rir): ac[)rllrTl  Llrlicatiorl  opi)c)r[Llrlit)  '(pcrilaps not until the ne<t  sol).

Ccll~~r]lar]cis forthcro\era regerlcra{cda rlclarl:llysiso ftelctl~ctry ispcrfc}rt]]e~l  attl~erover cor~trc}l

workstation, a silicon graphics workstation which is a part of the MI’f; ground control operation. At the

end ofeach sol ofrovcrtmvem, thecarncra systcm  on the Iandcrtaksa stmo image  of the vehicle in the

terrain. “[’hose images, portion so faterrain  panorama , and supporting images  from the rover cameras arc

displa>ecl  at the control workstation. Modclcdon thetechn(~logy c~f’cc~rl]pLtler-;liclecl  rcnlotcdriving”. the

operator is able  to designate pointf in tbc terrain on [he displayed in~ages. “1 hcw poin[s serve as goal

locations fcJrrovcr  [rtlvcrses.  'ltlcc()l)rcl ir];\[cs () ftllesc pc)ints:Irc  trLlrl\fcrlcd  intoa tilccc~rlr:li[lillgtt)c

commands for execution by the rover-on tbc next  sol, in addition, ttlcopcrator can uw arnodel oftbc

vehicle which. when  overlaid on the irna~c  ot’the vchiclc, nlc:l~ules  location and I]c:iding “1 his



information is alMl  transtcrtwi into the command file [() bc sent to [hc rt)vcr t)n [hc next  sol [o ct)rrcc[  any

navigation cnwrs.  ‘1 his command tilu is incorporate into IIIC Iandcr  command stream  and is sent b} the

Mf’1’ ground control to the Iandw, carrnarkcd  for tran~mission to the rr)vcr.

Statll$:

MF[;Xwas irltegrated \vith the M[)l’lar~clcr  tit Cape  Canaver:il in  late Octobcr, 1996. “1’hccombincd

system was successfully [al!rlch  abo:trda[)elt:i II on I)ccen~ber4, 1996 andsLlccessflllly l:irldcdorl Marson

July4, 1997. At this writing, MFI;X has driven 80nl on the surface of Mars; deployed the APXS and

obtained measurcmentson 4 rocks and 6 soil areas; captured .36 stereo, 22 color and 7 monocular
engirleering in]ages;  hascharacteri~ed itsenginecring sljbsyste[lls verify irlgthe desigrls  (lescribcd  abc)\e; al~d

gathered  data Suppofling  investigations  in soil  properties , geochemistry and geon~orphcllo:,y  at the Iandin:

site, MF[; X continues operating on the surface of Mar>  to aid in the science objectives of the MPF mission

and in providing data which will aid in the design of future rovers.
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